[1] There are many situations which naturally occur in space (coronal mass ejections, supernovas) or are man-made (upper atmospheric detonations) in which a dense plasma expands into a background magnetized plasma that can support Alfvén waves. The Large Plasma Device (LAPD) at UCLA is a machine in which Alfvén wave propagation in homogeneous and inhomogeneous plasmas has been studied. A new class of experiments which involve the expansion of a dense (initially n laser-produced /n background ) 1) laserproduced plasma into an ambient highly magnetized plasma capable of supporting Alfvén waves will be presented. The 150 MW laser is pulsed at the same 1 Hz repetition rate as the plasma in a highly reproducible experiment. The laser beam impacts a solid target such that the initial plasma burst is directed across the ambient magnetic field. The interaction results in the production of intense shear and compressional Alfvén waves, as well as large density perturbations. The waves propagate away from the target and are observed to become plasma column resonances. The magnetic fields of the waves are measured with a 3-axis inductive probe. Spatial patterns of the magnetic fields associated with the waves and density perturbations are acquired at over 10,000 spatial locations and as a function of time. Measurements are used to estimate the coupling efficiency of the laser energy and kinetic energy of the dense plasma into wave energy. The shear wave generation mechanism is due to field-aligned return currents, which replace fast electrons escaping the initial blast.
Introduction
[2] There are many instances, both naturally occurring and man-made, in which a dense plasma expands into much less dense background plasma. On astrophysical scales there are jets which have extreme conditions and may be modeled in the laboratory using intense lasers. In the past decade, Coronal Mass Ejections [Low, 2001] (CMEs) from the Sun have been detected and are now the subject of a great deal of study. CMEs have wreaked havoc on the Earth. Properly speaking, high-speed plasma moving from the Sun to the Earth is termed ''fast ejecta.'' Complex ejecta are fast ejecta which have associated magnetic fields which vary rapidly in direction and in which counter-streaming electrons have been observed [Burlaga et al., 2001] . One cause of complex ejecta has been postulated to be the interaction of one or more CMEs. CMEs may also evolve into structures such as flux ropes [Chen and Garren, 1993; Chen, 1997] (sometimes called magnetic clouds) which are observed by satellites near the Earth. Models of flux ropes have similar magnetic geometries as those of complex ejecta. When these structures impact the Earth's magnetosphere geomagnetic storms can occur [Gosling et al., 1991] . When such storms arrive at the Earth they can induce currents in power lines and transformers, which, in turn, can disrupt power grids [Kappenman et al., 1997] . A geomagnetic storm in 1989 caused a system wide power failure in Quebec [Pirjola, 2000] , which resulted in a loss of 20 GW of electrical power to 6 million people. The time from the onset of the problem to the collapse of the system was 90 s. Coupled to this storm was the loss of half the circuitry in a Japanese satellite. A NASA satellite dropped 3 miles from its initial orbit position on onset. In 1997 another storm left the U.S. Telstar communications satellite inoperable (cost $200 million). A recent storm on Bastille Day (14 July) 2000 [Knowles et al., 2001 ] destroyed a communications satellite, which resulted in at least one day in which bank ATMs and credit card transactions virtually ceased.
[3] In the 1962 Starfish experiment a 1.4-megaton bomb was detonated 400 km above the South Pacific [Colgate, 1965] . Shortly afterwards an electrical generating station in Hawaii was severely damaged. It was conjectured that this was due to induced fields that coupled to the power grid and caused a transformer to fail. The fields originated in an Alfvén wave driven by the expanding plasma.
[4] If a satellite is electrically conductive and moves across the ambient magnetic field, it will experience induced charge separation. Currents then travel along the field lines in the background plasma to neutralize the space charge. These currents were postulated to close via the generation of ''Alfvén wings'' which are combinations of Alfvén wave propagation along the ambient field and plasma flow in the frame of the satellite. The current closure in this model depends on cross-field conductivity and was used to successfully calculate the drag on the Echo I satellite [Drell et al., 1965] . Alfvén (or whistler) wings may be the source of pitch angle scattering of electrons by the motion of Amalthea (a satellite of Jupiter which may be conductive) in Jupiter's radiation belts [De Pater et al., 1997] . Alfvén waves may have been triggered when the comet Shoemaker-Levy 9 struck Jupiter in 1994, when impact generated hot spots in the planet's ionosphere moved upward into the surrounding plasma [De Pater and Brecht, 2000] .
[5] There have been chemical releases in the Earth's ionosphere which have triggered wave activity [Bernhardt et al., 1987] and unexpected plasma motion [Haerendel et al., 1985; Lui et al., 1986; Papadopoulos and Lui, 1986; Cheng, 1987; Chapman, 1989 ]. An experimental program began in 1990 was designed, in part, to study the interaction of the ambient plasma with a localized dense chemical release. The Combined Release and Radiation Effects Satellite (CRESS) placed varying amounts of barium (and other atoms with low ionization energies) into the ambient plasma at altitudes from 517 to 33,553 km at fairly low latitudes [Bernhardt, 1991] . Plasma motion could be tracked from the ground using telescopes. The initial plasma density was larger than that of the background and there was an ambient magnetic field. Diamagnetic cavities were produced just as in our laboratory experiments and were measured with instruments onboard the satellite. In two cases in which barium was released at the highest altitude the magnetic field was completely excluded from the bubble [Bernhardt et al., 1987] . The released plasma cloud was observed to move sideways across the magnetic field. This motion was termed ''skidding.'' A recent three-dimensional computer simulation [Delamere et al., 2001] shows Alfvén waves propagating along the background magnetic field and transferring momentum away from the Barium and into the ambient plasma.
[6] To simulate these situations in the laboratory an expanding plasma is generated when an aluminum target is struck by a high power laser (P % 10 11 W/cm 2 ). The target is immersed in a uniform, magnetized plasma capable of supporting Alfvén waves. A dense Al plasma, initially millimeters in diameter and nearly at solid density then expands outward from the target surface. In this earliest stage the plasma collisonality exceeds the electron cyclotron frequency and neither the electrons nor Al ions are magnetized. The initial laser-produced plasma (lpp) freely expands across the magnetic field. Diamagnetic currents are set up in the lpp which expel the background magnetic field. At this time the structure is termed a ''magnetic bubble'' [Ripin et al., 1993] . The bubble radius, without the presence of collisions, is obtained by equating the expelled magnetic field to the initial particle energy and is
(this is derived for expansion from a flat surface). Here E lpp is the kinetic energy of the laser-produced plasma. In our experiment the bubble radius is about 4 cm less than 1/12th the background plasma column diameter. The expanding bubble experiences a deceleration (v ? 2 /2R b ) and stops expanding at t = (2R b )/v ? , which is approximately 0.53 ms in the laboratory. Subsequent to bubble formation the lpp becomes magnetized and expands along the magnetic field as a tube of plasma. In these experiments fast ions are produced in the lpp and their Larmor radius is always greater than the bubble radius (for charge states less than 3).
[7] There are many diverse phenomena associated with motion of a dense plasma across and along an ambient magnetic field. The processes can involve the generation of a variety of plasma waves. In this paper we concentrate on Alfvén waves produced by rapidly expanding plasmas. For this to occur the plasma must expand into an ambient background plasma which is magnetized and which can support Alfvén waves. To study these processes in the laboratory and relate them, in some way, to processes in space there are two things that must be considered, scaling and topology. These are discussed next before the experiment and data are presented.
Topology
[8] Solar phenomena, our laser plasma experiment, and cloud releases have different magnetic field topologies. If magnetic field lines which are oppositely directed are pushed together, magnetic field line reconnection may occur. This process results in the change of the magnetic topology as well as energy releases. An expanding plasma is accompanied by density and space charge gradients and fast particles and will be the source of plasma waves whether or not there is reconnection. The magnetic topology in flares has not been measured. The only data presently available are detailed measurements at a host of optical wavelengths and X-rays. These can be directly related to electron temperatures and their structure leads to models of what the magnetic fields may be. Satellites have made measurements of the magnetic fields of CMEs [Mulligan and Russell, 2001] at isolated locations, which have led to flux rope models. The background magnetic field in the Starfish experiment is well known, but the induced fields in the explosion are not. A great deal of modeling as well as a series of laser-plasma experiments can give us a reasonable guess. The best we can do at the present time is assume these models are correct and in the laboratory try to create similar geometries. Figure 1 shows the magnetic topology of a CME and that of a dense, high-pressure plasma expanding into a background field and ambient plasma. The CME expands across the background dipole field of the Sun.
[9] The conjectured magnetic topology of the CME in Figure 1a is different from the expanding plasma shown in Figure 1b . The magnetic field that emerges from the surface of the Sun is most likely twisted. The twist is attributed to processes which occur below the surface of the Sun and are related to the solar dynamo. As the CME expands away from the solar surface into the background magnetic field, the geometry changes and the CME can become detached, presumably as the result of magnetic field line reconnection. In some models the CME is still anchored to the Sun even as it strikes the Earth. The magnetic field within the expanding plasma bubble, on the other hand, is the result of the diamagnetic current superimposed upon the uniform background magnetic field. Although the topologies of the magnetic field in these cases are different, they both represent a large perturbation on the ambient magnetic field as well as currents and, we believe, generate intense wave activity.
Scaling
[10] The median CME speeds are 4.5 Â 10 7 cm/s, mean Alfvén speed in the solar corona 10 8 cm/s, ion sound speed 10 7 cm/s. The laboratory numbers are similar V Alfvén = 2.4 Â 10 7 -1.2 Â 10 8 cm/s, and the sound speed is 1 Â 10 5 -1 Â 10 6 cm/s, but the spatial scales are vastly different. The parameters are best compared in a table of dimensionless ratios.
[11] The laboratory experiment quoted is the present one and the parameters are calculated when the plasma bubble has expanded to a radius of 4 cm. It is possible to obtain other ranges for these ratios by varying the background magnetic field, density and ion species. The CRESS-G2 Barium release occurred at an altitude of 6180 km and was sunlit. The CME data is for an eruption still close to the sun. Here V te is the electron thermal speed, n is density, and b = (2m 0 nKT)/B 2 .
[12] Table 1 compares relevant dimensionless parameters for the laboratory and other cases. The plasma beta is similar in all three cases. In the laboratory case n bubble /n o is smaller than in the other cases, but this is calculated at the time at which the bubble radius is a maximum. The initial laser produced plasma is several orders of magnitude more dense. If the laboratory ratio were made similar by lowering the background plasma, it could not support Alfvén waves because their wavelength would be too large to fit in the experimental device. The ratio R ci-lpp /R bubble , which compares the expanding plasma's Larmor radius to the bubble size, is dependent on charge state. The value quoted in the table is for Z = 1 and serves as an upper limit.
[13] Although the scaling is not perfect, and we do not try to make a 1:1 correspondence with CMEs, CRESS, or the ''Starfish,'' yet it is likely that what occurs in the laboratory will shed light on these events.
Experimental Arrangement
[14] The experiments involve a target struck by a laser beam aligned perpendicular to the background magnetic field. A parallel incidence experiment was performed on the original LAPD device [Gekelman et al., 1991] and some results have been previously reported [Van Zeeland et al., 2001] . More experiments are planned for this case in the future. The experiments involving laser incidence across the background field were performed in the upgraded LAPD device. The ''new machine,'' a major upgrade of the original, has an 18 m long plasma column in a background magnetic field which can be as high as 3.5 kG. A larger cathode produces a highly ionized plasma column 60 cm in diameter (200 R ci for a neon plasma at 1.5 kG, n e % 2 Â 10 12 cm
À3
, T e = 6 eV, T i = 1 eV in this experiment). The device has 450 access ports, which allow for volumetric mapping of plasma parameters during experiments. Probes and antennas can be inserted and removed while the machine is under vacuum through over sixty vacuum interlocks, many having rotatable flanges for volumetric probe positioning [Leneman and Gekelman, 2001 ] The experimental arrangement is shown in Figure 2 .
[15] The experimental sequence is as follows: The plasma is initiated once per second by pulsing the oxide coated cathode negatively with respect to an anode 32 cm away. The discharge current grows to its maximum value in several milliseconds (ms) and is maintained for %10 ms. Figure 1 . (a) The conjectured magnetic field topology of a coronal mass ejection. The emerging magnetic field is anchored to the highly conducting surface of the Sun. The CME is ejected and moves off to the right into the less dense coronal plasma and background magnetic field (here shown pointing out of the page). (b) A dense localized plasma is caused by a laser target interaction or other means. This dense plasma is surrounded by plasma. The background plasma, in both cases, can support a variety of waves. In the middle of the discharge a pulse triggers the flash lamps of a 150 MW (t = 7 ns, E = 1.5 Joule, l = 1.064 micron) YAG laser, the beam of which enters the device through an antireflection coated window. The laser is focused (dia-spot 0.5 mm) on an Al rod (dia = 1.95 cm) radially centered in the plasma column and 7 m from the cathode. The laser pulse, timing, and plasma conditions are highly reproducible. After the target is struck five times it is rotated until a fresh surface is presented to the laser. Data from the five successive shots are averaged and the detection probe is moved to the next spatial location. Upon a single revolution of the target a second stepping motor lowers the target by a millimeter. A single Al rod lasts for approximately one week (%1 Â 10 5 shots). The target is then replaced utilizing a vacuum interlock. The target motion diagnostic probe positioning and data collection are all under computer control.
[16] Magnetic field data were acquired with 3-axis magnetic pickup loops (area = 0.84 cm 2 ) and density with a Langmuir probe (area = 1 mm 2 ). Each axis of the magnetic probe is differentially wound and was calibrated in air by measuring its response to an AC current in a long wire. Its frequency response was determined with a network analyzer. The differential probe signals for each component were subtracted (to remove the electrostatic component) and then sent to a high-frequency (f 60 MHz) optical coupler. An electric dipole probe was used to measure whistler and lower hybrid waves and is the subject of a future publication. During the course of data acquisition the probes were moved in planes both parallel and perpendicular to the background axial magnetic field. Data were acquired with a bank of digitizers operating at 4 ns/sample (Át = 32 ms) and 40 ns/ sample rates (Át = 320 ms) to study both low and high frequency phenomena.
Experimental Results
[17] As a means of benchmarking our experiment, initial measurements were made with no background plasma and were in accord with previous experiments by Dimonte and Wiley [1991] . A fast (t exposure = 1 ns) gated imager as well as a Faraday cup array was used to record the plasma expansion with and without a background magnetic field. The lpp was found to contain approximately 2.5 Â 10 15 particles and an initial expansion speed of 1.5 Â 10 7 cm/s normal to the target and 1 Â 10 7 cm/s perpendicular. This is consistent with other experiments done without background plasma, and with various target materials and shapes quoting laserto-plasma conversion efficiencies of 20-80 percent [Ripin et al., 1980; Decoste et al., 1979] .
[18] With no magnetic field, the expansion is self-similar as previously documented. With a background magnetic field, a diamagnetic cavity (magnetic bubble) is formed as discussed in the introduction and the late expansion becomes primarily directed along the magnetic field. The magnetic field diffuses back into the bubble on a time-scale of 1.2 ms, which is 50 times faster than the classical diffusion time t D = m 0 sR 2 bubble , where s is the classical conductivity evaluated for a lpp electron temperature of 6 eV with R b = 0.04 m.
[19] In vacuum a burst of fast electrons leads the expanding dense plasma, and the expansion speed becomes limited by charge separation and ion inertia. In the presence of a dense background plasma the magnetic bubble formation is similar to the vacuum case. The dynamics of the expansion are altered, however, because charges can flow in the background plasma to neutralize the space charge, possibly reducing the diamagnetic effect. We will see that this process is the root of Alfvén wave generation. The laser plasma-plasma interaction occurs on multiple time-scales as illustrated in Table 2 .
[20] Fast ions were measured with an energy analyzer in the vacuum case (E = 1 À 4 keV). However velocity analyzers are difficult to use in the presence of background plasma since the Debye length is small t D % 10 À3 cm), and their readings are inaccurate. A burst of fast electrons has been measured with a Langmuir probe. These streaming electrons trigger electron plasma waves, as well as intense lower hybrid waves (S. Vincena et al., Lower hybrid wave generation from a laser-produced plasma, submitted to Geophysical Research Letters, 2003) . The lower hybrid waves were identified using their dispersion; higher frequency waves were detected at further radial distances at a fixed location downstream from the target. In this work we concentrate on the Alfvén waves as well as large density fluctuations.
[21] In these experiments we acquired magnetic field data at four transverse planes (x -y) and two horizontal planes (x-z). A Langmuir probe A ffi 1 mm 2 ) was used to measure ion saturation current, I sat / n ffiffiffiffiffiffiffiffiffiffiffiffi ffi T e =M I p , on four vertical planes. Data were acquired at sampling rates of both 4 Figure 2 . Experimental arrangement when laser is incident perpendicular to the background magnetic field. An Al target is placed in a 18 m long plasma column produced by a DC discharge between a cathode and mesh anode on one end. A 1.5 J (t = 7 ns, l = 1 mm) laser beam is incident through a port on one side of the machine. The plasma is confined by a uniform background magnetic field of 1.5 kG. The distances shown are L a = 50 cm, L b = 667 cm, L c = 1033 cm. and 40 ns/sample to capture both fast and slow features. A schematic of the data planes within the machine is shown in Figure 3 .
[22] The collected current to the Langmuir probe exposed to the plasma streaming along B 0 is shown as a function of time in Figure 4 at a fixed position in two planes. The probe is biased with respect to the anode to repel electrons with energies less than 67 volts. It is clear that the probe signal in the first few microseconds is dominated by electrons, with a signal arriving later at the further plane. The time of flight between these planes corresponds to a velocity of %3 Â 10 8 cm/s.
[23] Initially, fast aluminum ions (E Ion ! 1 keV) accelerated by the large electric fields of the laser leave the target and move across the magnetic field. They drag some electrons with them (v D = 1.5 Â 10 7 cm/sec, E electron ffi 0.3eV). The drift speed of these electrons is less than that of the background electron thermal speed. A fraction of the electrons released initially jet away from the target along the magnetic field; their number depends upon the density of the background plasma. This makes the lpp plasma near the target positive with respect to the background plasma. If there were no background plasma, the initial field-aligned electrons would be held back by ion inertia, and this would determine the dynamics of the expansion [Decoste and Ripin, 1977] . When background plasma is present it responds to the charge imbalance of the lpp cloud. Background electrons stream towards the lpp initially creating a nearly coaxial system. This is illustrated in Figure 5 , in Figure 3 . Schematic of the interior of the LAPD device and the data planes within it, drawn to scale. The diagram shows the target and distances to the data planes with respect to the laser impact point. Magnetic field data were acquired on planes z = 2 cm, 34 cm, 130 cm and 194 cm as well as the two horizontal planes. Langmuir probe data were acquired on planes z = 34, 130, 354 cm, and 578 cm (not shown). All distances are in centimeters. The transverse (vertical) planes have dimensions Áx = 25 cm, Áy = 20 cm. The horizontal plane which starts at z = 2 cm has dimensions Áx = 25 cm, Áz = 12 cm. The second horizontal plane which straddles z = 34 cm has dimensions Áx = 25 cm, Áz = 24 cm. The laser is incident from the left side of the target and comes in at z = 0, the target location. The plasma source is located at z = À8.55 m. (top) Axial current in two horizontal (x -z) planes. Data were acquired at 663 locations in the plane which has length Áz = 12 cm and 1275 locations in the plane which has length Áz = 24 cm. Both planes are at y = 0. The red surface denotes electrons moving away from the target and blue electrons streaming toward it (see color bar in Figure 6 ). (bottom) Magnitude of the measured magnetic field in these planes at the same time. This is the field expelled from the lpp by diamagnetic currents. The constant background magnetic field, B 0 , points in the Àz direction and is not shown. The data were acquired at intervals of 0.5 cm in the x-direction and 1 cm in the zdirection. It was smoothed over 1 cm 2 area to eliminate noise from taking spatial derivatives. which the current, j z , is determined using the measured magnetic field fromj ¼ 1=m 0 ð ÞrÂB. The determination of j z is exact in the vertical planes; in the horizontal planes, however, only one part of the axial current (@ x B y ) can be calculated from the data. In the first microseconds of the expansion the coaxial currents imply B x % 0, @ y B x % 0. In time the currents become complicated and this assumption breaks down. With this caveat we display ( Figure 5 ) the current and the magnitude of the perturbed magnetic field taken 412 ns after the target is struck.
[24] The data indicate that a current system associated with fast electrons is set up quickly, well before Alfvén waves are generated. The return currents are associated with background electrons, which flow toward the lpp to neutralize space charge, as well as inductive current. The system inductance at early times is determined by the coaxial geometry of the electrons leaving the lpp and the coaxial return current. In the first half microsecond the inductive electric field is large and can contribute as much to the return current as the charging of the lpp. The cross-field currents, which close the circuit, are due to the ion polarization drift
In a plasma which can support Alfvén waves, changes in current systems are broadcast by these waves and after a wave period E ? becomes part of the Alfvén wave field.
[25] A short time later (t = 0.496 ms) the magnetic disturbance has grown and becomes visible further away, at z = 1.3 m. This is illustrated in Figure 6 , which shows both current (j z ) and magnetic field. The magnetic field due to the diamagnetic currents is clearly visible. It points outward from the target and in the center it points in the +z direction. The background field is in the Àz direction, and they cancel near the target. The field expulsion is due to diamagnetic currents within the lpp cloud. In a previous experiment by Dimonte [1992] , Faraday rotation was used to directly measure the expelled field. At the time for which Figure 6 was generated the axial currents are nearly coaxial; however, some structure is evident in the second horizontal plane. The assumption on the calculation of j z made above is still probably valid since the derived current matches that on the vertical plane, where no such assumption was made.
[26] In the presence of background plasma the lpp electrons and ions are not strongly coupled. The lpp produces a dense puff of Al ions, which initially move away from the target at a characteristic speed of v kÀAl ffi 1 Â 10 7 cm/s, v ?ÀAL ffi 1.5 Â 10 7 cm/s. This unimpeded motion across the magnetic field continues until the ions move by an ion gyroradius (R Al ffi 19 cm, Z = 1), which corresponds to an initial directed energy of 4 keV. This is a plasma jet, directed across the strong background field and has been observed in previous experiments [Mostovych et al., 1989] . The mechanism responsible for the cross-field electron motion is an E p Â B 0 drift, where E p is the polarization electric field. A surface charge appears on the lpp due to the oppositely directed ion and electron Larmor motion [Schmidt, 1966] . This is the cause of the polarization electric field (E p = v ? B 0 = 225 V/cm). As the ions expand across the magnetic field, electrons from the lpp cloud also move along the background magnetic field, B 0 , from new radial locations. The emerging space charge is continuously neutralized by electron return current, which the background plasma supplies. The generation of Alfvén waves comes about as the field-aligned current (I = n lpp ev k A ? ffi 150 A) is neutralized by cross-field ion polarization current. This current system forms an effective antenna, which radiates the waves. Borovsky [1987] has done a theoretical analysis of a plasma which is injected across an ambient magnetic field. The experiment and his model have many features in common. In his model the qṽ ÂB force deflects the charges in opposite directions and the outgoing stream is polarized. The charges also move along the background field and form a current system, which is closed by the polarization drift. The current system in this model produces ''Alfvén wings' ' [Goertz and Boswell, 1979] , waves launched by the streaming plasma. The ''wings'' are shear Alfvén waves and the Alfvén waves couple the parallel electric fields and currents to the perpendicular fields and currents. Estimates of the cross-field current for our parameters given by Borovsky are larger, by a factor of five, than what is needed to close the field-aligned current, but the wave amplitudes in the experiment drop along the ambient magnetic field and the boundaries are not as simple as those in the model.
[27] After the cross-field expansion stops, the ion motion is principally along B 0 . The ion plume is shown as an isosurface in Figure 7 . Figure 7 is generated from spatially interpolated data and illustrates the three dimensional expansion of the ion cloud. At this time (4.0 ms) its center has drifted across the field by Áx = 10 cm and it has expanded along the magnetic field by 75 cm. The ions displayed in the isosurface represent a current of 0.9 A/cm 2 which corresponds to a density of 3 Â 10 13 cm À3 , assuming Z = 1 (singly charged Al, Te = 6 eV). It is likely that the aluminum target ions are multiply charged so this is an upper density limit. The parallel drift speed of the aluminum Figure 6 . Axial current shown on three planes as a surface plot and magnetic field vectors measured on two additional planes. The target is 2 cm to the rear of the rightmost vertical plane, t = 0.496 ms. Note the constant background magnetic field is not shown in this figure. The data were acquired at 1-cm intervals along z and 0.5 cm intervals in the transverse planes.
ions is 1 Â 10 7 cm/s, which is 0.2V Alfven and twenty times the ion acoustic speed of the background neon plasma.
[28] Aside from the fast particles and large density perturbation, the lpp is a source of wave activity. The initial fast electrons are a source of lower hybrid and whistler waves. These waves move away from the target in cones with major axis aligned along the ambient field. Waves with higher frequencies are observed at larger cone angles in accord with the cold plasma dispersion relation [Schmidt, 1966] . In time of the order of 1 ms the current system due to electrons leaving the target, and background electrons flowing in to neutralize the space charge have generated waves. Thermal electrons (T e = 6 eV, v e = 1 Â 10 8 cm/s) have been able to move 1 m and fast target electrons (E > 100 eV, v > 4 Â 10 8 cm/s) have approached the end of the machine. The wave pattern 1.34 m from the target is shown in Figure 8 .
[29] The maximum wave magnetic field is 5 G at this distance, and (db wave )/B 0 = 3.3 Â 10
À3
. The current channel on the right in Figure 8a is due to electrons leaving the target (which is vertical and positioned to the right of the field pattern). The current channel on the left is due to return currents, which have, at this time, lost their coaxial symmetry because the lpp has moved to the left. The velocity of an Alfvén wave in these experimental conditions is 5.2 Â 10 7 cm/sec and it takes 12.8 ms to travel 6.67 m to the closest end of the machine, which is terminated with the anode. One would expect an Alfvén field line resonance [Mitchell et al., 2002] to form on the machine transit time which is 32.7 ms. The wave pattern distinctly changes by t = 24.2 ms as illustrated in Figure 9 .
[30] The large axial currents directly associated with the plasma expansion have dropped to one tenth of their peak value at 5 ms and are nearly gone at 10 ms. At time t = 24 ms the lpp current is no longer present and the current system associated with Figure 9 is due entirely to the Alfvén wave. The wave patterns shown in Figure 8 evolve in time to that of Figure 9 . Note that the data in Figures 8 and 9 are unfiltered and contain all frequencies. The mode, which occurs at late time, is a global mode. The interaction, in fact, produces a spectrum of modes in the Alfvénic regime. This can be seen in the spectrum shown in Figure 10 . These experiments were repeated for a background magnetic field of 1.0 kG and the results were essentially the same.
[31] When the temporal data of the magnetic field is digitally filtered at this frequency at each location, the inverse transform yields the spatial pattern as a function of time (within Nyquist limits). The pattern at 15 kHz is shown in Figure 11 . Note that this mode is strikingly like that of Figure 9 , which indicates that at this time this contains most of the wave energy. This global m = 0 mode is seen at every transverse plane on which data were acquired. It corresponds to a shear mode with parallel wavelength l k ffi V A /f = 34.5 m, which is twice the column length. The spectrum also shows higher frequency shear modes. The modes below the cyclotron frequency are shear Alfvén waves in the host medium, that is the background neon plasma. The higher frequency modes (f > f ci ) on the other hand are spatially localized with the dense cloud of aluminum ions.
[32] Figure 12a a shows the ion saturation current to a 1mm 2 , flat probe facing the target and located 1.3 m away. The magnitude of the wave magnetic field. The wave magnetic field is averaged over five shots at each of the 2091 locations (dx = dy = 0.5 cm). Data were taken in a neon plasma with a 1.5 kG background magnetic field. The axes are as in Figure 3 ; the x axis points from left to right. Figure 9 . Wave magnetic field (a) and its magnitude (b) at t = 24.2 ms. The experimental conditions are the same as in Figure 8 .
The ion saturation current depends on plasma density and the electron temperature, I sat / n 0 ffiffiffiffi ffi T e p . It is assumed that at the relatively late time (t = 22.7 ms) at which these data were acquired, that the electron temperature of both the lpp and background plasma are approximately equal (t ee /t ( 1). The variations in the ion saturation current therefore reflect primarily those in the plasma density. The Al plasma is ten times denser than the background neon plasma and shows up in red in the center of the figure. Also shown is the digitally filtered (f = 250 kHz = 2.19 f ci ) vector magnetic field in this plane, at the same time. The magnetic fluctuations at this frequency are spatially associated with the denser plasma. It is possible these modes are fast Alfvén waves associated with density gradients. Waves below the ion cyclotron frequency have been clearly observed in and around density cavities [Maggs and Morales, 1996; Burke et al., 2000] and have been studied theoretically [Penano et al., 1997] . These modes have density fluctuations associated with them as well as magnetic field fluctuations.
[33] Figure 12b shows the spatial relation between the density fluctuations ((dn)/n % 1%) and magnetic field fluctuations ((dB)/B % 0.02%), both filtered at 250 kHz. Although these seem to be associated with each other on the upper right hand part of the panel, the evidence is not compelling. These higher-frequency waves will be explored in future experiments, but their magnetic field amplitude is well below that of the shear waves. Instability in a transverse jet in a strong magnetic field but with no background plasma has been seen before [Mendel and Olsen, 1975; Ripin et al., 1984] . In an experiment with a barium target in a 10 kG magnetic field, the surface of transverse plasma plume was observed to break into field aligned striations.
[34] One likely candidate discussed in that work was the lower hybrid drift instability, but it was never confirmed. The transverse structure instabilities seen in this experiment and others are important and fascinating and will be explored in future work.
Summary and Conclusions
[35] The production and expansion of the dense plasma is associated with many transient phenomena. A diamagnetic cavity is formed from which the background magnetic field is expelled. Additionally, energetic ions are generated, as well as fast electrons, which stream along the magnetic field away from the lpp cloud. Recently, whistler and Langmuir waves have been observed inside magnetic clouds by detectors on the WIND spacecraft [Moullard et al., 2001] . These waves propagated along the magnetic field and were associated with measured electron loss-cone distribution functions. The source of the superthermal electrons was not pinned down. In this experiment, waves were not measured within the cloud, only those that escaped.
[36] As reported here, the dense cloud develops a space charge as a result of the streaming electrons and the background plasma responds by generating electron return currents. These current systems generate a variety of waves. This series of laboratory experiments has shown that intense Alfvén waves are generated in a spectrum of frequencies. In addition, initial plasma motion across the magnetic field results in the generation of focused jets. As the cloud expands across the magnetic field it continually produces field-aligned currents which in turn generate new Alfvén waves on new magnetic field lines. Integration of the magnetic energy, in the frequency band we explored and measured on all planes show that about seventy percent of the wave energy resides in shear Alfvén waves.
[37] There are a great variety of natural processes such as coronal mass ejections, high-altitude chemical releases, astrophysical jets, magnetic clouds, and complex ejecta which involve these types of expansions. The boundary conditions as well as other details of these events vary on a case-by-case basis, and they may not even be well known in some cases. It is here where laboratory experiments can play an important role, perhaps more important than numerical simulations. The case for using laser plasma experiments to simulate astrophysical phenomena was made over 40 years ago by Dawson [1964] . Dawson points out that the scaling should be reasonable, although if a very specific phenomenon is not being modeled, approximate scaling will do. In the laboratory the initial conditions are well known and can be tailored. A variety of data (density, temperature, flow, magnetic, and electric fields) can be acquired in great detail in space and time. These may be integrated to form a scenario, which in this case is the interplay between fast particles, currents, and waves. This in turn could cause a space plasma physicist to consider alternate explanations, reinterpret data, or plan new measurements on upcoming missions.
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